Abstract: RNA binding proteins (RBPs) mediate constitutive RNA metabolism and gene 16 specific regulatory interactions. To identify RNA cis-regulatory elements, we developed 17
Introduction 29
The life cycle of protein coding RNA transcripts involves their transcription from DNA, 30 5¢ capping, splicing, 3′ polyadenylation, nuclear export, targeting to the correct cellular 31 compartment, translation and degradation (Beelman and Parker, 1995; Martin and Ephrussi, 32 4 We called local peaks of GCLiPP sequence read density and measured the distribution of 81
GCLiPP reads within those peaks to assess the reproducibility of the technique. Local read 82 density within individual transcripts was similar between experiments, as GCLiPP fragments 83 yielded highly reproducible patterns in technical replicates (e.g. comparing replicate Jurkat T cell 84 samples, Figure 1B ) and across multiple pooled experiments (e.g. comparing CD4
+ and CD8 + T 85 cells, Figure 1C Regulatory Elements (ENCODE) project (Sundararaman et al., 2016) . We examined pairwise 97 correlations of normalized read density across individual 3' UTRs between GCLiPP and 98 individual RBP eCLIP samples to identify contributions of each RBP, and also compared 99 9 indicate that the CD69 3'UTR contains destabilizing cis-regulatory elements responsible for the 196 short half-life of the mRNA. 197
To determine whether RBP-occupied sites in the 3'UTR contain cis-regulatory elements 198 that regulate stability, we performed CRISPR-Cas9 dissection of the region (Zhao et al., 2017) . 199
Using the GCLiPP profile as a guide, we designed 6 gRNAs along the 3'UTR, Next, we sought to compare RBP occupancy in mouse and human T cells. To do so, we 219 performed Clustal Omega sequence alignments of thousands of human 3' UTRs and their 220 corresponding sequences in the mouse genome, and then designed an algorithm to identify 221 correlated peaks of normalized GCLiPP read density along the aligned nucleotides ( Figure 5A ). 222
Using this approach, we identified 1047 high-stringency biochemically shared GCLiPP peaks 223 derived from 901 3' UTRs (Supplementary table 1) . As a class, biochemically shared peaks 224 exhibited significantly higher sequence conservation than the full 3' UTRs in which they reside 225 ( Figure 5B). The highly conserved, biochemically shared peak in USP25 exemplifies this general 226 pattern ( Figure 5C , right panel). However, many biochemically shared peaks did not exhibit 227 corresponding increases in local sequence conservation. For example, the ARRB2 mRNA that 228 encodes b-arrestin, another regulator of T cell migration in response to chemoattractant gradients 229 (Fong et al., 2002) , exhibited a common peak of RBP occupancy in Jurkat cells and primary 230 mouse T cells that is roughly equally conserved as the rest of the 3' UTR ( Figure 5C , left panel). 231
To examine which RBPs contributed to biochemically shared peaks more than other 232
GCLiPP peaks, we used HOMER motif calling software (Heinz et al., 2010) to identify enriched 233 motifs. Strikingly, of the six linear sequence motifs present in >10% of biochemically shared 234 peaks with p ≤ 10 -10 , five resemble well-known regulatory sequences ( Figure 5D ). The two most 235 common appeared to represent canonical CELF (Timchenko et al., 1996) and PUM (Hafner et 236 al., 2010) binding motifs. Three other identified motifs corresponded to runs of homo-polymers: 237
An A-rich motif that resembled the canonical polyadenylation signal (Proudfoot, 2011) ; a poly-U 238 containing motif similar to a sequence that has long been known to stabilize mRNAs (Zubiaga et 239 al., 1995) and a poly-C containing motif similar to the C-rich RNAs bound by poly-C binding 240
proteins (Makeyev and Liebhaber, 2002) . We used Metascape (Tripathi et al., 2015) emerged as an outstanding candidate with both strong interspecies GCLiPP correlation and very 257 high transcript instability. Alignment of the GCLiPP profiles of human and mouse PIM3 258 revealed a dominant shared peak of GCLiPP read density ( Figure 6B ). This peak corresponded to 259 a highly conserved region of the transcript that contains a G-quadruplex, followed by a putative 260 AU-rich element (ARE) and a CELF binding motif ( Figure 6C ). Another conserved region with 261 a G-quadruplex followed by a putative ARE appeared upstream of the biochemically shared 262
GCLiPP peak. We numbered these conserved regions CR1 and CR2 according to their order in 263 the 3' UTR, and hypothesized that CR2 would exert greater cis-regulatory activity than CR1,12 given its RBP occupancy in both species and the relative lack of occupancy in CR1. To test this 265 hypothesis, we performed CRISPR dissections of both the human and mouse PIM3 3' UTRs 266 having RNA binding activity, and those for which no specific affinity reagents are currently 298 available. GCLiPP peaks overlapped eCLIP peaks at a frequency much greater than would be 299 expected by chance, and overall GCLiPP read density correlated with eCLIP read density in a 300 manner that corresponded with the relative abundance of a given RBP in purified cellular 301 mRNPs (Baltz et al., 2012) . Nevertheless, the eCLIP peaks for some low abundance RBPs were 302 significantly enriched in GCLiPP profiles. The strongest correlations were observed for abundant 303 cytosolic RBPs, and the correspondence between eCLIP and GCLiPP was only apparent for 304 cytosolic, but not non-cytosolic, RBPs. This result was expected. COMPARTMENTS 305 annotations (Binder et al., 2014) indicate that most of the RBPs classified as non-cytosolic are 306 mainly located in the nucleus, and the GCLiPP protocol includes pelleting nuclei after a gentle 307 detergent based cellular lysis, followed by an enrichment for polyadenylated RNA. Both of these 308 steps would be predicted to selectively eliminate nuclear RNPs associated with primary 309 14 transcripts. Future iterations of GCLiPP could be modified to intentionally enrich for nuclear 310
RBPs to examine the regulatory landscape of mRNA biogenesis. 311
The GCLiPP datasets described here provide a rich resource for the annotation and 312 experimental dissection of cis-regulatory function in mRNAs. GCLiPP detected RBP occupancy 313 at many known cis-regulatory regions, including canonical polyadenylation signals and elements 314 that control mRNA localization, translation and stability, providing a biochemical correlate of 315 functional activity. In addition, we demonstrated that GCLiPP can guide discovery of novel cis-316 regulatory elements. Dissection of the CD69 3'UTR revealed regions of destabilizing activity 317 that correspond to RBP occupied sites detected by GCLiPP. Our findings corroborate a previous 318 study that identified region PR2 as a potential destabilizing region that contained AREs ( We leveraged the matched datasets from similar cell types expressing many shared 328 transcripts to perform a cross species comparison of the post-transcriptional regulatory 329 landscape. As might be expected, the sequences of 3' UTR regions that appeared as peaks of 330 RBP occupancy in both species were in general more conserved than the full length 3' UTRs in 331 which they occurred. These biochemically shared peaks were enriched in well-known RBP-332 binding cis-regulatory sequences including PUM motifs, CELF motifs and canonical 333 polyadenylation signals. Surprisingly, though, we also found clear biochemically shared peaks 334 with relatively poor sequence conservation. These regions retain RBP occupancy despite an 335 evident lack of strong selective pressure on their primary sequence, perhaps due to highly 336 degenerate and/or structural determinants of RBP occupancy. RNAs with conserved structure 337 and RBP binding but poorly conserved primary sequence have been reported before, and they are 338 Corning 10 cm cell culture dishes coated with Neutravidin (Thermo) at 10 µg/mL in PBS for 3 h 376 at 37 °C. Cells were left on stimulation for 3 days before being transferred to non-coated dishes 377 in T cell medium (Steiner et al., 2011) supplemented with recombinant human IL-2 (20 U/mL). 378
Th2 cell cultures were also supplemented with murine IL-4 (100 U/mL) and anti-mouse IFN-g 379 (10 µg/mL). CD8 T cell cultures were also supplemented with 10 ng/mL recombinant murine IL-380 12 (10 ng/mL). For re-stimulation, cells were treated with 20 nM phorbol 12-myristate 13-381 acetate (PMA) and 1 µM ionomycin (Sigma) for 4 hours before harvest. 3' UTR dissection was performed as described (Zhao et al., 2017) . Gene edited cells were 504 harvested into Trizol reagent (Invitrogen) and total RNA was phase separated and purified from 505 the aqueous phase using the Direct-zol RNA miniprep kit with on-column DNase treatment 506 (Zymo). Genomic DNA was extracted from the remaining organic phase by vigorous mixing 507 with back extraction buffer (4 M guanidine thiocyanate, 50 mM sodium citrate, 1 M Tris base). 508 cDNA was prepared with oligo-dT using the SuperScript III reverse transcription kit 509 (Invitrogen). cDNA and genomic DNA were used as a template for PCR using MyTaq 2X Red 510 Mix (Bioline). To equilibrate the number of target molecules and number of PCR cycles between 511 samples, we performed semi-quantitative PCR followed by agarose gel electrophoresis to 512 determine a PCR cycle number where genomic DNA first showed visible bands. This cycle 513 number was then used with a titration of cDNA concentrations and a concentration that amplified 514 equivalently was selected for analysis by deep sequencing. To quantify relative RNA/DNA 515 23 ratios, cDNA and genomic DNA amplicons were purified using a QIAquick PCR purification up 516 kit (Qiagen) and quantified on an Agilent 2100 Bioanalyzer using the High Sensitivity DNA Kit 517 (Agilent). 518
Amplicons were tagmented with the Nextera XT kit (Illumina) and sequenced on an 519
Illumina 2500 HiSeq. Reads were aligned to a custom genome consisting of the targeted PCR 520 amplicon using STAR aligner and mutations were scored using an awk script 521 between mouse and human normalized signal, as well as observed data and a normal distribution 540 centered at the point being examined in both the mouse and human data tracks. These three 541
Spearman correlations were added together to calculate a numerical score, and shared peaks were 542 defined as local maxima of these scores. To identify high stringency peaks, peaks were only 543 accepted if they 1) had a correlation of >0.75 between mouse and human, 2) had a peak that had 544 a read density of >0.5 of the maximum read density within that 3' UTR in one data track (mouse 545 or human) and >0.2 in the other and 3) had >10 reads at that location in both mouse and human 546 datasets. Biological enrichment of genes with shared peaks was calculated using the Metascape 547 (Tripathi et al., 2015) online interface (http://metascape.org) using the default settings, with the 548 exception that a background set of genes was included in the analysis, specifically all genes that 549 contain a called GCLiPP peak in both human and mouse datasets that do not contain a 550 biochemically shared peak. 551
For motif calling, HOMER (Heinz et al., 2010) was used in RNA mode with the 552 "noweight" option to turn off GC correction to search for motifs of width 5, 6 or 7 nucleotides, 553 with otherwise default parameters. The positive sequence set was the mouse and human 554 sequences of the biochemically shared GCLiPP peaks, the negative sequence set was all other 555
GCLiPP called peaks from Jurkat and mouse T cells that were not shared across species. For 556 icSHAPE we used a published bigwig file of locally normalized icSHAPE signal intensity 557 generated in mouse ES cell (Spitale et al., 2015) . Conservation of loci in the mouse and human 558 genomes were obtained from the UCSC genome browser as a bigwig of PhyloP scores of 559 conservation across 60 placental mammals (mouse) and 100 vertebrates (human) 560 
